


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 


DSpace Repository 


Theses and Dissertations 


1995 


l. Thesis and Dissertation Collection, all items 


Activated carbon cloth regeneration with 
electrical resistance heating. 


Covington, Brett A. 


Monterey, California. Naval Postgraduate School 


http://hdl.handle.net/10945/25649 


Downloaded from NPS Archive: Calhoun 


DUDLEY 
KNOX 
LIBRARY 





http://www.nps.edu/library 


Calhoun is the Naval Postgraduate School's public access digital repository for 

research materials and institutional publications created by the NPS community. 

Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholarty author. 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 










”* , LI ` Ы 1 kəl P 
te UWE w P^ U ziyil) A 


el aan P 개스 
DD D A ZR SWAN PE TT 2721 PU hice ars 
a jx әд 부성 me ə Wee EE BR rę 


.. ay 3 ` 
E MÄ Cé t 













































Diện A. en DUL O? 16-22 
E (MA * ` 4 m 
Да ' VW mn GR BE ZE Ge 
skie dı othe 
... U E [RII m RYZ A 
o E ." 4 aun » ə DA 
vi ㆍ Ge a Ы yee KÉ EI POLE) ə əə 
a Wo EE $6. ə m HA OE E 
“ə a E . js: SE E 
OD U b mə ㆍ 
Ti VON ME 2 s ı p Mer ORE DE E RA ip ida yx zz BCh CEET 
F n "es | ` : R ' ee a OSC Cale : 5 ə m SE H d ər CPP hiy EE — r PU e 
E 5 : » AA ROŚ ER R EPC of $a фин əra ХУД D Са 


r) 
m y eo psi Pg e EEN De —- 
ərşə ə Fx Y 
SE GE EE — 
= D 
dych As Aee Lat əə ry ӧс s" 
KENE T ZEN! 
VE Ps. M Em x me OA E m. "m 









ә 
(KH * oc 















































































ә tàn x za Py 1022004022 ED R2 tp ŻE 
KN ta" D DOT 4 ə ” Doo CR РАР TY AC) M ys CZ NE 
D s cờ HỆ, fus NUM o eei: Seven әт 360000400 — de 
o x BEE EA UP: ROW SET EUR T CY Role Ru R w 
4 U Tm A M УРТӘ E WA 오영 고구 Lae dələ. FU g E 
tele A a AE Ek OH ŻE = 12- LI Ee? > 가 
Us d.n M i Le E " 4.031 Of d E 7 Parar əni i-r eA 
EA ㆍ D xăm ㆍ 
a te Ы WW de Gw TƏL e IS 07 vds M" ala 35 BA АН = 22) 2 
ә ob | SEL E D. DO KA e ait NUS а Hir Eos J T nərə z k "$C edo 
lẻ = : e Ы EP ir T ХЫЫ “Mə Xəstə: ¬ e A Tə pał 
4 6, İ P әд 
DU "E Tul n f addu o” 
K s E ü "ə “ E ала ҺД Ы̇Б ㆍ A bi 
m qe H TH A Sz Ghi iis es Dabei o 








EE ER ID = 
U TERT d d 


Des INN ҜӘ 


IA 
2 AP a NA ㆍ Ы QULİ WI Yoel CT ㆍ E 
XE EPI M de LL «żę дә 1vş4 8 A 


























D ğ TEE. T Mər U HAE f Һи АДА 2" 2 
' E MEI Ke WI A 191,979) elə w 
DUDEN e T Hm H КР AD СА A z 사사 
o . o CG LK 1 it Həri H IK TI PEL L 
2 EM PARAS 2° e, A ends səbəb ida ESO well y PN NE 
~ 4 są TI Nen. n Oe ry n I a af 
E DE n n KE) D ODE w Ly: A on ду ии " WEN 
MARŞI RE äs KR S 5 ə 
VỊ cản we Qu er əə E 
thors oft AA w wi ve SA iP 
TUR ә“, bais 기어 PE | AO AE Be ES pə 
MEM s2 OR E Ai Zi ə ə s 
HAMEN i Së Ы F] E A ал ya e Ы 세 aati Ы por E. sA Ga Kane d ŁA Ы 
[TLJ “ 454 “Rees ZIM) ен. i A EA EZE m әз” d 
11 





Ris ON PIC SE SS 





Ы IU P de ER 
"EX A p al x. AS * y 
OO AO. | RON S ел NT UN UE. TE ces I d tz RD" 

St 4 y AS 2 WAZA < eidel nt e 


i H ¬ D NOZE 4 
e E $ ub : aś: ët LA 





SöS [바브 
Ar * 
15 

















DN ro ㆍ RK ` 2 Pep essem - 

` ` . . x. e 
— D 4 Lé a r m. Te M 
Wu stele SC .. M əd m гә 


+4 sa — ve A APO 


SEI P 
Kc RZY: RECE 
. Es 2 [I 
> LU Ak =e ET AS 
de «Lao 
aH = 
NEE 
NT 


— 






EI pa be s 
"ut E rS 
(edəni 












` 
„SỈ PR 



















CL . EX) "с D UD "hoa D H WT mə 
A ta ta dg . 1! Co . ` 
D D D HÉI a "mL TL 9.“ kle 
t H mn LIT . 0 A 
TEM U Sia Me İLİ . H D [1 qe ta" 4 
SU H ' "n D D THG D 41,2 05 4 
. ' aa ㄴ ㆍ »* E E .. 1 SR 
D D © e° a m s a ㆍ H m U 2 ㆍ 
ㆍ Lola ro DL IM Е De" ' ㆍ ' .. i ㆍ Ы . 4. 4 e PZ 
N H ㆍ Lá. ' ad ' A AO : . cử, OR UA r T us TEN ML ."e*. a*e* RA D E ~ 
U 4 e 1|. « . = A H H 5 * H H Ke ә*2бә “ә 5 e 
D EE ECH e, " pu an a OŁ ALS t: 4 AŻ EL rt 
D , 2 1 sự . D LEM) í .. Md Å. 5 ete d ete wp 41 4 
"an T ° ° e° . TM ott e D See H 
H D ates R D u " U (RL qua A TARO M ms 2 4, О LE y кр 
= m.” ' şa ани $*. ^ REI Lut tt 4 
E MM U OBIE E T COSE: n ' ' RW, CA. TA A Ы x WA 75 
E e Ee n işs . I ` z ., "n" NOŻE HI T sę ə кет 
D .. U . ,: Kat cr Wi 4 LTE. 1" 
K s i D BEI ' 1. 


"as d 












СДС 


ə 
y 





a 
t 





CELTES 


^ XM 









MILE 
Ы. 
мн LIPS] d 


Le 
$ 







ere ser d 
Бә 
(x ce 


KP RY a 
` pri es 
Ca A AS 


ИД Roc 




















E 
m “ə Tuna ti NR әс 
I әәә 

ñ 























































































































































































Ы 
E ' qa... 
25 br voci 
; Һә дк 
¿As 
FE E | E Lì a ża "a 
t A .. - . 
n H LLLA EM. ҸО ИЛИ. елә . с фәзедә, p [4 E > ca O 
ты суја A WE IR T E EE и NW f Ae ET s AN 
zəl r E LEE, E Ën əra 
H x š; ru Re. 
2 Lë иб. 
avr, O 
Ps Lett E 
H I; bàn da E a wg ea., Ce 
"IT d Gét? .. ЫҸ ҹу A ee tal K 
* t s e N TẾ) cụ .. 9. H = + ° bị DC ÄRE oe 0 ES? d TALIS 
D m š ә Mt ee GP D `, ŚL D .. + D də là с ; P + = ROM: ㆍ š .. A , 94 A $ r 4 ' ec DU D ph ЕР ти r CN 
U D E LI ü . D a ㆍ DÉI D - d : . - L4 ㆍ i, 1 Гар ЫД Led 3304 rro ey "ed 
11 D .. ELEM HO d - 
D ue ㆍ H U D (RW `. U . p De A > ㆍ ECE ə i Se o 0 2 
EM s . OR TO 3 VL gb DU vn > eya: m. 
Ke R V s Ы u üə GE i Si = e ZY sün ed evit. 2, , " DN C 
әр sd EN nae POR it də S ^ ҜМ Һә ist “ d HA Hi PZŻ öv ra. 
u ə. ek tse ve E EE a . ‥ 6” sếp ấu H kər d D = ` VK AD 
bk ED DU d UE. Ы A " ADR A ики Ани 
Ld a. ' m | | geg WM Ee i Xi a [E du Kr e “4 ROA ә” Вә 
U ' ㆍ Cd LEM P Kar "ә" Tư v teg ii ' "e [] Lan = mę Lera HES x 
NI ㆍ LI, BE a U ㆍ 1 ^ as Lr UPS NL] m E U XE a Ak S LA 2 
IA LR U P PEDE SM En CSN) SN P DÉI ae H ZZ, x 2. "hà TUR PAG khá 
EM E . a (e P 3ñ... OE ! D Ki AE L ə “iç, af a ən rt KS ло Se 
. ... D + D ㆍ kn Аз NOM ro PL Sch UP K A ru 4 илә wzm cứng iE dd e bebe 7] Kon ee 
. .. . . D : ити e JACO FLAGĄ Mi» vn, ei GM As re ər C67 8*9 RZ 나 eS WEE ҺӘ ә e ke es ae PEP era o 
ㆍ . ㆍ a D E "m ㆍ A .. TH = 
ㆍ D LTI “ees m . ' ㆍ | .. stos .. + .. .. 00010 ba Ss E DM See x DN H Ke Јад a k bh Aa SCH erer ew DC m - ETID 
' e te DR .. An ORO ' 28 t oF vn vn ə Kei ER У “o "o zg ph MADE Pos LE 
of D D D * 41 b a’ EET ee I t RE “ 13 Us d D^ ә FÖ Ел š IN KA Y SS ba H » Kréi ch F^ Pug ar 
D °. D . U . 4 DÄ LED H . “ et SE A e U d ㆍ H ee 내 
H H . [ .... "eşi ... 1 FEN ` mum H lên th RIR” I PONY! A A i um Pana = 
Ы Ы u . D [LS D DNE .. [LLL LL ' " İİ [EMEN TTL LL FALLI ue n "u otè H ex " DJ TT CEDE e 
id ° U R ñ LĄ at D (ai , ra” P DU . O Xót fM ty Ye Ms a RE 
2200005071 AM us GEN 5 
: V. Us 2 „a> = Ami d dé i m A M ç + ҹә ЫЫЫ a bzy hf. AC SCH Jaz tei dui Se! 
D A e me Ar | 
TO 2 — : KT CR EE 
H SES LU EE Ee eet I UO ә oe F 4" 4 jl LA P Le TY] + Kat kl Kee LEE xoA 2s Ere e rż ə ej 
E 2 . H t dE » d el AH ai eee də "m ә m. 
ea 150000 0” br d ECKE AS eR zła GE ME. 
4... 4 t . A Ą WIE añ .. Ki ~ = EE 
H . . , > E , Zi ФҸ тә, ME RO 
` .. š H : i, бә H de Lab? n ` П xi D -- Le E 기 Be EMU bàn RAA А PE ERA, - Lë Ne OS ¡e 
ㆍ 4 R [MCN Mor E “ZN E E H GER `. WŚ E H pro dL. AR »9 1 H RAA RI D Y 19: H ERA RZE RNS ECA y war (сун BIG 
' D RN Wi Es D Ki EE "M CMS ә SMS ZŁ CZE se 3 
9. a m 7 DE HAN H HE 1 + Va 7. Pf KS 
Per AU ." Һалил тв D Af Bóng * KO HI a m m ə: 22 RC Få T - (471 28, d AG. ... Or la! Los (ЫЫ. 
s. 4. tr ' n Au m $ D m z z 2 h 5 m. a HH ha os SRB Ed? ERR NT ener D qo pe A 
ㆍ ü L : E RENU " n ... KH 1,09€ TAL E HL (E WË A ër 
GE E EG ə Mp d PM METAM IRAE DADO SEA 
D 1. ** 1 A hs Au PS H ñ 
D > : LEON "HP" x E E Н ZE r EC WAN + D D m d e 
ㆍ Po .. Zd RE är Pee Tee nı H вә rr DOEN sde menso D "Zeiss Sat? NO МА *4 disk RET 
NA zabi 3 ə. V ДИ 5 ti : * M ° ŚŚ ә SEM DER e z 41114 2 AJ os H Thịnh AE SG ut JRR e m 
Ы D D D Thư ㆍ H 
h Ee > Mut wa 257: MITE He Ln ə siete n^ TE RY tử , Se Ы 
. $... NAOMI HAH " ə. CN = e, K EA dele T Lu 
E i Ы B m ә * t ps Py Ы du H fe 4 ve 4 kế Xe) bả" p M LE 4 ` ZA .. så 4 ә .. 
2 d RN U . ROCH KIRIN O ` ә VW = ㆍ BE d i ДА U U 00: m3 } NW әр E '* $5,974 CO Re si seyir ja pO Bot la 
E ㆍ D E 모녀 에우 후. P ^ D ü +4 b .. A , hi $54 stene del P ə Pesa Xi 
LAT) D ㆍ 2 ch cy 4 x it U ODW E ' H вав wä 2222, 42 vr Size ems SOC Ver nm Rg 
EC кк. .. ~ ZKP EE EH 
. ) SN RM H ҹ ҺАЛ sa ] tu şə l Mi SD = ln Red op BE ya Oe al 
H L| D ㆍ 











































m L2 .... ти a e dE på E > są A 
| = e p ! Lef sə) M Rp Dou ENTE bie Kito) ne ŻA EE — SUL x 
ə Kä? k sę m : BY fg, jA Mon De iə e jer P E. LT] hào Ga? c Ker rem > 
h 1 RO E PR E. га" M ko 4: pun ` e Khi “ E 
"ə. P D tons E 4 e) ? m AX 
AC e VC Rar "əəə E > Khôi 
: , ` D w e Ar H D a ARD ts OGC rafi 
| “ Ы о GU. KS D " Po 
ETE D X We. ODZEW Ra) - 3 
zə bk d E eeh 
. e d n A "R 1O HA poe LÊ 
k M + TƯ HIT APTA ws ote 
à c P et? D x LIM 5 A O“. E ДӘ A ta RM 은 d — 
ELM a ... вә) n EN OA RO CO h EE d GE e Tab 
H OD) DW IO KT bh 주. pes ~i -w 
be D . 0 REJ e ILU D m n ZOE Så LR E H DEE 
: 년 D | he 0 da K 2 m “s vk L Ат 
Ы ; | ик SS" 3 Kai FDA ACT E i ә ә Z 





pii wot v LIBRARY 


Ki  DUATE SCHOOL 
MƏST. 2A ¿3943-5101 








ACTIVATED CARBON CLOTH REGENERATION 
with ELECTRICAL RESISTANCE HEATING 


BY 
BRETT A. COVINGTON 


B.M.E., Auburn University at Auburn, Alabama, 1987 


INDEPENDENT STUDY 


Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in 
Environmental Engineering in Civil Engineering 
in the Graduate College of the 
University if Illinois at Urbana-Champaign, 1994 


Urbana, Illinois 





DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 


ABSTRACT 


Activated carbon cloth (ACC) was tested to evaluate its ability to maintain physical 
adsorption properties over an extended series of adsorption/desorption cycles. 
Adsorption consisted of saturation with a volatile organic compound (VOC). Benzene 
and acetone were selected as the test VOCs due to their commonality in indoor air and 
potential threat to human health. Desorption of these VOCs was achieved through 
direct electrical resistance heating (DERH) regeneration using an alternating current to 
increase bulk ACC temperature to 140°C. The heat generated was due to the resistive 
property of the ACC's fibers (resistivity of 1-2 10? Q«cm). 

ACC-20 (specific surface area of 1610 m^/g and effective micropore volume of 
0.636 cm*/g) was selected for this work due to its high adsorption capacity for benzene 
above concentrations of 200 ppmv. 

The ACC-20 was tested by three similar methods. The first method involved DERH 
for two 6 hour periods with property evaluation after each period. The second method 
combined benzene saturation with DERH regeneration while the third combined 
acetone saturation with DERH regeneration. Both the second and the third methods 
were carried out for 50 adsorption/desorption cycles with property evaluation after 
every ten cycles. 

Adsorption properties were measured by Brunauer, Emmett, and Teller (BET) 
nitrogen isotherms. The isotherm data were converted into specific surface area and 


effective micropore volume by use of the BET equation and the Dubinin Radushkevich 


(DR) equation, Harkins Jura (HJ) equation, and single point method respectively. 
Changes in the adsorption properties of the ACC-20 were 2.2 % for BET specific 
surface area and 2.4 % for HJ effective micropore volume for the 12 hour DERH heated 
sample, 2.6 % for BET specific surface area and 3.1 % for HJ effective micropore 
volume for the 50 cycle benzene saturated sample, and 3.9 % for BET specific surface 
area and 3.8 % for single point effective micropore volume for the 50 cycle acetone 
saturated sample. All of these values were within the experimental error of 5.5% for 
BET specific surface area and 8.4 % for HJ effective micropore volume. 

In addition, the purity of the VOCs was determined not degraded during the 
regeneration of ACC-20 by DERH. 

A scaled-up estimate for an indoor air filtration system indicated that regeneration 
costs could be $1450/yr for an air stream with a constant 100 ppbv benzene 


concentration and a flow of 57m*/min. 
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1 Introduction and Research Objectives 

This research contributes to the development of a new technology for gas stream 
removal of volatile organic compounds (VOCs) by applying the principles of activated 
carbon adsorption coupled with cryogenic vapor recovery. Overall, activated carbon 
cloth (ACC) will be placed in a fixed bed arrangement with built in electrodes for direct 
electrical resistance heating (DERH) using alternating current across the ACC. 

This work evaluates the effect of repetitive DERH on a single layer of activated 
carbon cloth attached to electrodes in a glass reactivation cell was studied. The 
concept of adsorption capacity regeneration by DERH first presented by Economy and 
Lin (1974) was extended here to evaluate the cloth's physical adsorption properties 
over a series of adsorption/desorption cycles. ACC was saturated with a VOC and then 
regenerated through DERH. The properties used to quantify the material's adsorption 
durability after a specific number of VOC saturation/DERH regeneration cycles were 
specific surface area and effective micropore volume. The power requirements to 
achieve complete regeneration of the sample activated carbon cloth were measured to 
aid in the determination of the cost effectiveness of DERH as opposed to regeneration 
through steam or heated gas. Furthermore, the desorbed vapor released during all 
regeneration was sampled to determine the purity of the VOC for recycling in an 
industrial process (e.g., spray paint booths, bulk fuel transfer, or part cleaning 
solvents). 

This research is significant due to increased needs to remove indoor air 


contaminants, such as VOCs, because long exposure times are believed to have 


serious negative health effects (Sterling, 1984 and Tancrede, 1987). Additionally, 
industries which emit VOCs to the atmosphere as a result of manufacturing processes 
- will soon require new methods of control wnen the EPA promulgates the emission 
standards for the 189 hazardous air pollutants (HAPs), many of which are VOCs, listed 


in the Clean Air Act Amendment of 1990. 


1.1 Manufacture of Activated Carbon Cloth 

ACC is a cloth woven from carbon fibers then carbonized and activated through 
controlled oxidation heat treatment. The carbon cloth used in this research is woven 
from cured phenolic-aldehyde fibers made by acid-catalyzed cross-linking of melt-spun 
novolac resin with formaldehyde. The curing process renders the fibers both infusible 
and insoluble. The cloth is then carbonized and activated through a one step process 
in a steam or carbon dioxide atmosphere at 800° - 900°C. Surface areas produced 
from activation of this cloth can approach 3000 m?/g (Hayes 1981). The phenolic ACC 
was developed and patented by the Carborundum Company in the early 1970s through 
the work of Economy et al. (Hayes 1981). The final ACC material was produced and 
donated to perform this research by American Kynol, Inc. a subsidiary of Nippon Kynol, 


INC. 


1.2 Physical and Chemical Properties of Activated Carbon Cloth 
A micropore is defined as having a pore width, w, less than 20 A (Dubinin, 1960). 


This definition is accepted as convention by the International Union of Pure and 


Applied Chemistry (Bansal, Donnet and Stockli, 1988). The pores formed during 
activation of the carbon cloth are hypothesized to be elongated and slit shaped with a 
half width between 5 and 14 A (Economy and Lin, 1974), making these activated 
carbons almost entirely microporous. This is significantly different from granular 
activated carbon which is thought to have branched pores, with micropores mainly 
inside of a larger pore structure. The location of the micropores on the surface of the 
fibers allows for highly rapid adsorption and desorption (Hayes, 1981). This 
characteristic along with the structure of the woven cloth allow for in situ DERH at a 
moderate temperature of 140°C (Cal, 1993). The ACC selected for these tests was 
ACC-5092-20 (henceforth denoted as ACC-20). ACC-20 has a BET specific surface 
area of 1610 m”/g, as determined by nitrogen (N,) adsorption at 77°C, and an effective 
micropore volume of 0.636 cm”/g, determined using five different reference vapors at 
25°C (Foster 1992). 

The electrical properties of the ACC-20 is important for the use of DERH. A 
moderate electrical resistance is needed to make a good resistance heater. Materials 
with extremely high resistances like glass or rubber will not conduct a sufficient amount 
of electricity for heating to occur. Conductive materials (i.e., copper and aluminum) 
produce very little heat due to the low resistance to current flow. In general carbon 
fibers (non-activated) have high resistances and in some cases can be used in 
insulating composite materials. However, carbon fibers may also be treated to become 
conductors with a resistivity as low as cooper. Fibers are intercalated with alkali metals 


like potassium and cesium, nitric acid, and halogens through high temperature heat 


treatment in a N, atmosphere to form highly oriented pyrolitic graphite (HOPG) within 
the fiber. From Table 1.1 the low resistances of pan and mesophase pitch fibers are 
observed after intercalation at heat treatment temperatures (HTT) (Donnet and Bansal, 
1990). 

Activation of carbon fibers results in a decrease in resistivity from that of cured 
novoloid fibers but still has a higher resistivity than the HTT fibers (Hayes, 1993). From x 
Table 1.1 the resistivity of the fibers can be compared to typical conductors and 


insulators 


1.3 Physical and Chemical Properties of Volatile Organic Compounds 

As defined by Lewis (1989) a VOC is an organic compound with a vapor pressure, 
P,, greater than 10* kPa. This is a practical definition since compounds with higher P, 
values are typically found at concentrations above 0.1 ug/m?. This concentration 
allows for greater ease of detection than semivolatile organic compounds (SVOC) with 
10? kPa » P, » 10? kPa and concentrations in the ng/m? to pg/m? range (Nriagu, 1992). 
Benzene and acetone were selected as test VOCs for this research in keeping with 
previous work done by Fuerman (1992), Foster (1992), Cal (1993), and Graf (1994). 
The properties of these two VOC's which are important to this research are listed in 


Table 1.2. 





2 Adsorption Theory 

The adsorption properties of porous activated carbon have been observed since 
1777 (Greg and Sing, 1982). By early this century adsorption was relatively well 
defined. In 1916 Langmuir published his monolayer equilibrium adsorption model and 
stated that charcoals were understood to be truly porous. He furthermore postulated 
that charcoals had cross linkage between long chain carbon molecules consisting 
primarily of carbon atoms. The high carbon content is a result of the majority of 
hydrogen and oxygen being driven off of the lignin precursor during the carbonization 
and activation processes. 

This section discusses several methods of characterizing porous materials 
(specifically microporous activated carbon) which have been developed from 
Langmuir's time to the present day. The methods are employed in this paper to 
characterize ACC-20 by adsorption characteristics, and include, the adsorption 


isotherm, the specific surface area, and the effective micropore volume. 


2.1 The Adsorption and Desorption Isotherms 

Adsorption and desorption isotherms are plots of the measured number of moles 
(n), or volume or mass of a gas (adsorbate) adsorbed by one gram of solid material 
(adsorbent) as a function of the relative pressure of the adsorptive gas ,P/P,. P is the 
partial pressure and P, is the saturation vapor pressure of the adsorbate. An 
adsorbent's pore size is defined by the shape of its adsorption isotherm. There are five 


types of isotherms as defined by the Brunauer, Deming, Deming, and Teller (BDDT) 


(1940) classification. The ACC-20 used in this work was previously determined to be 
an almost entirely microporous solid material (Foster, 1992). For microporous solid 

- materials the adsorption isotherm will have the characteristic shape of a Type I 
isotherm as found in Figure 2.1. Plotting n versus P/P, produces an isotherm without 
the characteristic slightly sloping straight line at P/P, between 0.25 and 0.95 then the 


material is not completely microporous. 


2.2 The BET Surface Area Model 

Building upon Langmuir's (1916) model for equilibrium monolayer adsorption 
Brunauer, Emmett, and Teller theory (BET, 1938) develops a model for multilayered 
adsorption. The Langmuir equation may be simplified from its original version to read: 


BP 
1+BP 





— (2.1) 


m 


where v is the adsorption phase volume adsorbed per gram of adsorbent; v,, is the 
volume required to cover one gram with a monolayer of adsorbate; B is an empirical 
constant; and P is the partial pressure of the adsorptive. Expanding this equation 

through a summation of multiple layers the BET equilibrium equation is determined: 


c(P/P ) 


(SZAR ) (162/1 2212) (2.2) 


` 
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where c is typically taken to be 


və (4, -4,)/ЕТ (2.3) 


and q, is the heat of adsorption of the first layer; q, is the heat of liquefaction for the 


subsequent layers; R is the ideal gas constant; and T is the absolute temperature 





(Brunauer, Emmett, and Teller, 1938). 


To determine specific surface area using the BET model equation 2.2 is linearized. 





I E cU" 
V((P./P)-1) vic v,cl P (2.4) 


m o 


After measurement of v and P/P, from 0.01 to 0.25 (Foster, 1992) a plot is constructed 
from equation (2.4) of 1/[v(P./P-1)] versus P/P, The slope, (c-1)/v,,c, and intercept, 
1/v„c, are determined through a least squares curve fit (Greg and Sing, 1982). These 


values are then used to calculate v,, and c: 








s 1 c-1 
OAZA a (2.5) 
- 2.6 
Ec TA (YTE) ( 5 ) 

Now the surface area, Age is calculated using a control volume approach: 
a N.V, (2 7) 
AJ 5 —— —C кә | 
C (22,554 5021310127”) 


where am is the cross sectional area occupied by one molecule of adsorbate an N, is 


Avagadros number. For nitrogen, a,, is taken to be 16.2 A? (Greg and Sing, 1982). 


2.3 Micropore Volume Equations 

Quantification of effective micropore volume can be characterized with several 
different equations applied to the N, adsorption isotherm data. Methods of estimating 
the micropore volume include the Dubinin Radushkevich (DR) equation (Dubinin, 
1989), the Harkins and Jura (HJ) statistical thickness plot (Harkins and Jura, 1943, 


Lowell and Shields, 1984) and a single point volume adsorbed value. 


2.3.1 The Dubinin Radushkevich (DR) Equation 

The DR equation was developed with Dubinin's theory of the volume filling of 
micropores (TVFM) and is best applied as a model when using benzene or some other 
VOC as areference vapor (adsorptive). Dubinin (1988) demonstrated that as a 
reference vapor, N, at / 7° K is not equivalent to benzene at 293° K. Further, benzene 
was shown to be more appropriate for characterization of a material's adsorption 
properties and microporous structure. With this caveat in mind the DR equation is 
used only to calculate the effective micropore volume from the measured values for the 
volume adsorbed and the relative pressure of N, and is not used to model the ACC-20 


adsorption characteristics for VOCs. 


The DR equation is 





W = W exp (2.8) 








(5) 


where W is the volume of the adsorbate adsorbed by one gram of the carbon; W, is the 
total micropore volume available to the adsorbate; A is the differential molar work or the 
negative of the Gibbs free energy; B is the similarity coefficient, or the affinity factor, of 
the standard vapor to the reference vapor (benzene); and E, is the characteristic 
adsorption energy. For N,, B = 0.34 (Bansal et al., 1988). The differential molar work, 


A, calculated as: 


A= NG RT int 27 2) (2.9) 


E, is inversely related to the slit-pore half width, x,: 


k-x E. (2.10) 


such that a constant structural factor, k, of 12.0 kJnm/mol is assumed to determine x, 
(Dubinin, 1989). 


The linearized DR Equation: 





ios 
ln (W) =1n (W,) | | A (2.11) 


is used to plot In(W) against A” for a range of P/P, of 0.001 to 0.500 where W, and x, 
are determined from the slope and intercept respectively. 
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2.3.2 The Harkins Jura (HJ) statistical thickness plot 

The concept of plotting the statistical thickness was originally proposed by Lippens 
and de Boer (1965) as a method of testing superposability of isotherms to standard 
isotherms (Lowell and Shields, 1984). Based on the so-called t-curve, a plot ofthe 
standard isotherm is produced where the statistical thickness, t, ofthe с film, 
rather than P/P, , is the independent variable and the dependent variable is the volume 
adsorbed V,. The thickness is related to the number of molecular layers, n/n, (or 


V/V.) expressed as: 
SA (2.12) 
where t is the average total thickness of all layers adsorbed and o is the thickness of 


one layer (o = 3.54 A for N, at 77” K, assuming hexagonal close packing). 


The empirical HJ equation is given as: 





A 
log (P /P) =B+ — 


а 


(2.13) 


where A and B are empirical constants with A related to the thickness and the volume 
of a monolayer and V, is the volume adsorbed (Harkins and Jura, 1944). This model is 


modified to calculate a thickness: 


13.99 LAE 
E AS TEE 
(0.034) -log (P_/P) (2.14) 
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where 13.99 and 0.034 are empirical constants (De Boer et al., 1965). By plotting V, 

. against t for P/P, = 0.001 to 0.7 and performing a least squares linear curve fit to the 

. values that fit a line on the level part of the isotherm. The values selected here to best 
| fit the Type | isotherm were for t from 0.45 to 0.70. The external surface area and 
micropore volume are then determined from the slope and intercept of the fitted line 


respectively (Micromeritics, 1987). 
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3 Experimental Equipment and Procedures 


3.1 Experimental Equipment for Saturation and Regeneration 

The intent of this experimental study is to determine the effects of repetitive heating 
of ACC by the application of an alternating current across the cloth to remove benzene 
and acetone. The effect of DERH is to be defined as any change in the adsorption 
properties of the cloth through changes in the micropore surface area and volume. 

The experimental apparatus, Figure 3.1, centers around a glass test cell that is 40 
cm long and 1.7 liters in volume with two opposing aluminum electrodes that act to 
support the cloth sample as well as provide electrical connections. A variable AC 
voltage transformer (variac), model W10MT3, provides a potential difference across the 
sample and current is monitored by a Fluke 77 multimeter. The bulk temperature of the 
cloth is monitored by a type K thermocouple detected by a digital multimeter (Omega 
881C). Laboratory grade N, (99.95 % pure) is used to purge air and contaminants from 
the test cell. The exhaust gases are vented to the atmosphere via 280 lpm (10 cfm) lab 


venthood. 


3.2 Experimental Procedure 


3.2.1 Method of Saturation and Electrical Regeneration 
ACCs are saturated with VOC and then regenerated through direct electrical 


resistance heating to complete one saturation/regeneration cycle. To determine the 
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durability of the cloth's adsorption properties it is necessary to run an extended number 
of test cycles. This section provides a detailed explanation of how this process is 

- conducted. 

ACC samples are first analyzed on a Micromeritics™ ASAP 2400 surface area 

. analyzer, as described in section 3.2.2, to determine baseline surface areas and pore 
volumes prior to saturation or regeneration treatment. Prior to and between 
experiments ACC samples are stored in airtight bottles purged with N, to minimize 
adsorption of water vapor or contaminants. 

An ACC sample is loaded into the test cell by attaching it to the electrodes and 
reassembling the cell. An evaporation dish containing liquid VOC (benzene or 
acetone) is placed into the test cell downstream of the sample. During placement the 
evaporation dish the cell is purged with N, at a minimum gas flow rate of 3 lpm. After 
reassembly purging is continued for a total time of 3.5 minutes. The time and flow rate 
for purging are estimated to provide 99.93 percent removal of air from the cell 
assuming that complete mixing occurs in its 1.7 liter volume. The nitrogen flow is then 
shutoff, the exhaust port capped and the sample is allowed to adsorb the VOC for 
twenty minutes at witch point it is estimated that saturation is reached at room 
temperature (21°C). The sample is now considered saturated with VOC and the cell is 
prepared for DERH regeneration. Prior to DERH the evaporation dish containing the 
liquid VOC is removed from the test cell while purging the cell with nitrogen to prevent 
air from entering the test cell. During this purging it is likely that some of the VOC will 


desorb from the cloth as the vapor pressure in the cell is decreased by nitrogen 
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ventilation. 

The cell is reassembled and purging continues for a total time of 3.5 minutes, then 
the electrical leads are attached to the electrodes with the Fluke 77 multimeter in 
series with the sample to measure current. N, flow is set at 0.5 [pm and the sample is 
regenerated by electrical heating at a bulk sample temperature of 140°C + 10°C for 20 
minutes. This will require a voltage between 8 and 12 volts and a current between 0.7 
and 1.1 amperes for a typical sample of 100 to 150 mg. 

This procedure is repeated for ten cycles and then the ACC sample is analyzed on 
the ASAP 2400 to obtain measurements the specific surface area and the effective 
micropore volume. The samples are analyzed at O, 10, 20, 30, and 50 cycles to 


measure for changes to the physical adsorption properties of the fibers in the cloth. 


3.2.2 Method of ACC Physical Characterization 

The Micromeritics™ ASAP 2400 surface area analyzer is a automated, multiport, 
N, BET isotherm measurement instrument. It has 12 degas stations and 6 analysis 
Stations to allow for a high sample throughput. Analysis is controlled by an IBM AT 
computer with the ASAP 2400 version 3.01 software. The N, data measured are 
volume adsorbed or desorbed, partial pressure and saturation pressure. From the data 
the software can generate plots and calculate values for isotherms, surface area, total 
pore volume, and micropore surface area and volume. The calculations use the 
analysis methods of Langmuir (1916), BET (Brunauer, Emmett, and Teller, 1938), HJ 


(Harkins and Jura, 1943) and others. 
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To test an ACC sample it is loaded into a clean dry analysis tube (Prior to loading 
the sample the tube is weighed on a Mettler AE260 analytical balance with a sensitivity 
of 0.1 mg, to determine its mass). With the sample placed inside, the tube is loaded 
onto one of the degas stations. Degassing is carried out at 50 torrs absolute pressure 
and 140°C until desorption of gases from the sample is no longer detectable. The 
degas process takes between 12 and 48 hours depending on the compound adsorbed. 

When the ACC has completed degassing the sample will be able to maintain a 
vacuum below 30 torrs with less than a 5 torrs change over a 2 minute test period. In 
unloading the tube is charged with N, before it is removed from the degas station. After 
cooling to room temperature the sample is reweighed on the analytical balance and the 
difference in mass from the tube is taken to be the ACC sample mass. Now the sample 
is ready for N, adsorption/desorption analysis. 

The ASAP 2400 measures N, adsorption/desorption at 77.25°K (boiling point of 
nitrogen), this requires the dewar below the analysis station to be filled with liquid N,. 
The sample tube is loaded onto the analysis port and the sample run conditions are 
programmed into the computer with the sample mass. After analysis the data and 


calculated values may be stored on electronic media for later retrieval. 


3.2.3 Measurement of VOC Vapor Purity during Regeneration 
To recycle a VOC desorbed from a fixed bed it is necessary to maintain VOC purity 
in the capture process. In this part of the experiment it is determined if the VOC, here 


benzene or acetone, is contaminated or altered by electrical regeneration. Equipment 
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used includes the glass test cell apparatus, a Hewett-Packard gas chromatograph (GC) 
series HP5890, and a gas tight syringe. 

Prior to testing the sample mass required to adsorb a quantity of benzene that 
would be detectible by the GC is calculated. By assuming that benzene behaves as an 
ideal gas, the ideal gas law, PV,,,=nRT, is Used with p = m/V,¿, to write a relationship 
between the adsorbed volume, V,,, and the volume the adsorbent would occupy as a 


gas, V ни at some temperature, is written as: 


Ver 5 PMVV (3 1) 
V PRT T 


gas 





where P is the partial pressure of the gas, MW is the molecular weight, and p is the 
density of the adsorbed benzene. The GC has a minimum detection limit of 50 pomv 
so a minimum desired concentration level is arbitrarily selected at 200 ppmv. The 
micropore volume for the ACC-20 is 0.653 cc/g when using benzene (Foster 1992). 
From equation 3.1 and these two values the minimum required sample size is 
calculated to be 2.2 mg. Since the typical sample size used for the 
saturation/regeneration experiment is larger than 100 mg the GC will have no difficulty 
in detecting and testing benzene purity. 

The sample is saturated and regenerated in the same method as described in 
section 3.2.1. One exception to this is no N, flow during regeneration. After 
reassembling and purging the test cell the N, flow is shutoff and the exhaust port is 
capped. Prior to regeneration a sample of the test cell gas is drawn with a gas tight 


syringe. Analysis of the gas sample with the GC determines initial VOC concentration. 
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During regeneration the test cell gas is sampled at two minute intervals and analyze to 


determine VOC concentration and composition. 


3.3 Quality Control Procedures 

The rotameter used to determine the purge nitrogen gas flow rate was calibrated 
by using a 1000 ml bubble meter. The calibration curve produced by the bubble meter 
is linear by least squares curve fit (Figure 3.2). This linear relationship is used to 
convert the rotameter values into liters per minute (lpm) of gas flow. 

The variac voltage was calibrated by using a separate sample in the test cell and 
the Fluke 77 multimeter in parallel with the sample circuit. Test voltages on the variac 
ranged between O and 15 volts. This range provided sufficient heating for a typical 
sample of 100 to 150 mg. The calibration curve for the ММОМТЗ variac, General Radio 
Co. is shown in Figure 3.3 is utilized to adjust the voltage given by the variac to the 
actual voltage. The 3PN1010 variac was used on a few of the acetone regeneration 


cycles, the calibration curve for this variac is given in Figure 3.4. 
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4 Experimental Results and Discussion 

This section provides the experimentally determined values which characterize the 
ACC-20 as it is exposed to numerous adsorption/desorption cycles through VOC 
saturation followed by DERH. Those values include the BET specific surface area, DR, 
HJ and single point effective micropore volumes. All values are calculated from the 
BET adsorption isotherm with N, as the standard vapor. Error experienced in analyzing 
was determined by repetitive ə of a single sample vvithout eyclical treatment or 


DERH. 


4.1 Experimental Results 

The ASAP 2400 recorded N, adsorbed and desorbed at relative pressure from 
0.001 to 1.0 to produce the adsorption and desorption isotherms. Three ACC-20 
samples vvere analyzed on the ASAP 2400. Each sample vvas initially analyzed to 
establish baseline values for the specific surface area and effective micropore volumes. 
The first sample did not undergo VOC saturation. The ACC-20 vvas heated by DERH 
for two six hour periods with analysis after each period. The second sample of ACC-20 
was cycled by saturation with benzene and regeneration by DERH. The third sample of 
ACC-20 was cycled by saturation with acetone and regeneration by DERH. Both the 
second and third samples were subjected to 50 adsorption/desorption cycles with 
analysis after every 10 cycles. 

The N, adsorption and desorption isotherms in Figures 4.1 to 4.3 are standard 


Type I isotherms and clearly define this ACC-20 as microporous (Greg and Sing, 
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1985). The variation between the isotherms produced before treatment and those 
produced after exposure to an alternating current (AC) is less than 7 %. The AC power 
is supplied at 1.67 amps and 11 volts to heat the sample at 140°C for periods of 6 
hours . Figure 4.2 and Figure 4.3 for benzene and acetone cycled ACC-20 
respectively indicate similar results to the electrically heated ACC-20. Each figure 
shows the adsorption and desorption isotherms for the baseline and after samples were 
exposed to 50 saturation/regeneration cycles. A slight increase in the volume 
adsorbed at 12 hours and 50 cycles may be noted in these figures. However, the 
increase is small and below a measurable significance. 

The DR effective micropore volume was determined by a plot of the natural 
logarithm of N, volume adsorbed, In(W), against the square of the differential molar 
work, A*, calculated from the measured relative pressure of N,. As seen in Figure 4.4, 
the isotherm data for the 20 cycle acetone treatment is graphed on a DR plot. A least 
squares linear curve fit provides a value of -0.0220 for In(W,), which results in a W, of 
389.9 Ens for the adsorption capacity of N, gas or an effective micropore volume of 
0.6031cm"/g. 

As an alternative method of calculating the micropore volume a HJ statistical 
thickness plot (t-plot) is generated. Figure 4.5 provides a t-plot of 20 cycle acetone 
saturation/DERH regeneration and indicates the volume of N, gas adsorbed is 366.15 
cm"/g or a effective micropore volume 0.566 cm*/g. Also, the single point effective 
micropore volume is measured at a P/P, of 0.95. For a completely microporous 


material like the ACC the values measured are close to those calculated with the DR 
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and HJ equations. Tables A.1 to A.13 provide the data measured and results 
calculated in determining the micropore volumes for each 6 hour heat treatment or 10 
- cycle sample. 

When the ACC-20 is heated to 140°C for extended times using DERH the material 
does not show any appreciable change in specific surface area or effective micropore 
volume. Table 4.1 compares these properties after 0, 6, & 12 hours of heating time. 
The percent difference (A %) is taken as the change from the properties found at the O 
hour as a baseline. The ACC-20 sample is shown to have increased in BET specific 
surface area by only 2.2 % while the largest effective micropore volume increase is 
seen by the HJ equation at 2.4 %. 

Table 4.2 gives calculated adsorption values for the 0 to 50 cycles of benzene 
saturation with DERH regeneration. A 40 cycle analysis was not performed due to the 
lack of significant change between O and 30 cycles. Samples were not cycled beyond 
50 cycles due to the manual effort and time required in each saturation/regeneration 
cycle and a three day per sample BET analysis period. 

The combination of benzene saturation with DERH regeneration is shown not to 
significantly effect the adsorption capacity of the ACC-20 as determined by its affinity 
for N, adsorption at 77.25°K. The largest changes are an increase in the BET specific 
surface area by 7.7 % and the HJ effective micropore volume by 8.49 %, which occur 
after 20 cycles. This variation is considered small when compared to error values of 
more than 10 % reported by Dubinin (1989) and Cal (1993). Likewise the cycles of 


acetone saturation with DERH regeneration have similar results with surface area 
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increasing by 3.9 % and single point effective micropore volume increasing by 3.8 % as 


listed in Table 4.3. 


4.2 Estimation of Error in Isotherm Measurements 

To determine the accuracy provided by the ASAP 2400 when measuring the 
microporous ACC-20 samples, a clean unused ACC sample was tested three times 
sequentially to check for the repeatability of measured results. An average value and 
standard deviation were calculated along with each runs variation from the initial value 
and is provided in Figure 4.4. This sample was found to have the highest variation with 


an 8.4 % increase of the HJ effective micropore volume in the third test. 


4.3 VOC Purity and Contamination Produced during Electrical Regeneration 

The 123.5 mg ACC-20 sample used for the benzene cycle test was regenerated 
and then saturated with benzene. In the next regeneration gas samples (10 cm? each) 
were drawn out of the test cell and injected into the GC as outlined in section 3.2.3. A 
single peak for benzene was produced with a concentration near 596 by volume and no 
impurities were found. A similar experiment on the 131 mg ACC-20 acetone sample 


produce a single peak for acetone with no impurities found. 


4.4 Electrical Resistance and Power Requirement 
The electrical current and voltage were measured over a temperature range of 23? 


to 300°C for a 4.5 cm x 4.5 cm square sample of ACC-20 oriented with the cloths 
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primary weave in the direction of current flow. Figure 4.6 shows the relation between 
current and temperature which was determined to be linear over this temperature 
range. Using ohms law the resistance of the ACC-20, plotted as a function of 
temperature in figure 4.7, was found to have an asymptotic decline from 50° to 270°C. 
However, it is not understood why the resistance briefly increases before reaching 
50°C. This decrease in resistance of the bulk cloth over increasing temperatures is 
similar to the decrease in resistivity found on pristine PAN and pitch fibers by Lee, et al. 
(Donnet and Bansal, 1990). 

The power required to achieve heating of the cloth was calculated from the 
measured values of the root mean square voltage, V;,s and current, lys, with the 
assumption that the phase angle, 8, between the voltage and the current was 0° 
(Power = Vzyslęys COS O). Thereby a worst case estimationof power consumed is 
provided. The power requirements in Figure 4.8 indicate a linear relationship to 


temperature when a single sheet of ACC-20 is heated by DERH.. 


4.5 Economical Estimation of DERH Regeneration 

Using the power requirements calculated for the 4.5 cm X 4.5 cm square sample of 
ACC-20, Graf's (1994) filter mass requirements of 1.36 Kg for ACC-10 in a full-scale 
filtration estimate for 57 m*/min (2,000 cfm) indoor air ventilation and a 2/1 relationship 
of low concentration adsorption capacities between ACC-10 and ACC-20 (Foster, 
1992) an estimation of energy costs is made for a full-scale filtration system. The 


energy required per regeneration is calculated from a constant power requirement of 35 
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W over an estimated 30 minutes for a 400 mg sample. By assuming an energy price of 
$0.08/xWhr and a regeneration interval of 2.4 days the energy cost would be 
- $1450/year. This cost seems to be slightly high considering that a ventilation rate of 57 
m°/min (2,000 cfm) will only provide ten air changes per hour to a 223 m? (2,400 ft?) 
building 

It is important to notice that this is strictly the cost to heat the filter and does not 
include the cost for preheating N,, or energy to run additional fans and damper motors. 
This cost could vary significantly for a fixed bed when taking into account the possibility 
of increased conductance due to bed configuration, nonlinear power/temperature 
relationships or the cooling effect of a N, flow through the ACC. Further, the power 
requirement was based on heating the ACC-20 while suspended in a glass test cell 
surrounded by 1.7 liters of N, gas. Therefore, it is anticipated that convection heat 
transfer in the cell was significant and that the power requirements to produce the same 


temperatures in a fixed bed with preheated nitrogen flow could be substantially lower. 


23 


5 Conclusions and Recommendations 


5.1 Conclusions 

The activated carbon cloth (ACC-20) displays a high level of durability by 
maintaining adsorption characteristics at relatively constant values for up to 50 
adsorption/desorption cycles, with VOC adsorbate saturation and direct electrical 
resistance heating (DERH) regeneration at a temperature of 140 + 10°C. The BET 
specific surface area and effective micropore volume remain within 8 % of the baseline 
values measured before cyclic testing. The DERH current and power requirements for 
suspended sheet ACC-20 have increasing linear relationships with the desorption 
temperature, while the bulk sample resistance decreases with increasing desorption 
temperatures above 60°C. Scaled up estimations of power requirements and energy 
costs indicate that DERH could be costly for removal of low concentration VOCs in an 
indoor air environment when the VOC concentration is a constant 100 ppbv of 
benzene, regeneration is required every 2.4 days, and there are 10 air changes per 
hour. The benzene and acetone adsorbed by the ACC-20 were tested for purity during 
regeneration by DERH. It was determined that these two VOCs do not breakdown and 


are not contaminated by the carbon cloth. 


5.2 Recommendations 
Quantifying the ACC-20 adsorption characteristics by measurement of the effective 


micropore volume would be more appropriately determined by using the actual test 
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VOC or an approved reference vapor (benzene) in a total gas analyzer or a gravimetric 
balance apparatus (Cal, 1993). This will allow the Dubinin-Radushkevich equation to 
be applied as a model to various VOCs using affinity coefficients, B. Additionally this 
would be a better determination of the ACC's ability to regain an original adsorption 
capacity for the particular contaminant. 

Kinetic studies of regeneration times and power requirements should be performed 
on a pilot scale fixed bed adsorption system to accurately determine the feasibility and 
economics of applying DERH as the method of in situ regeneration as opposed to 
regeneration by heated gas or steam. 

Stability and purity measurements for other VOCs (acetaldehyde, methylethyl 
ketone, toluene, etc.), found in indoor and industrial air streams, need to be made to 


determine wide spread application of this regeneration method. 
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Table 1.1 Resistive properties of carbon fibers, metal conductors, and insulators 


Carbon Fibers? (О-ст) 
koc soon hec | | — 
600 (2000099) Log Jl 


Other HTT Resistivity Insulating Materials" Resistivity 
Carbon Fibers” Q-cm MQ-cm 


Bakelite 5-30 x 10" 


mesophase pitch [400 folass (|17хло 
polyvinyl chloride 1011-1015 


a. Hayes (1993), b. Donnet and Bansal (1990), c. Avallone and Baumeister (1987) 






















Table 1.2 Physical properties of VOCs (Lide 1993) 







































Compound Molecular Boiling Liquid Vapor 
weight Point Density Pressure 
at 298“ at 298°K 

(g/gmol) (g/cm?) (kPa) 


(°C) 
58.06 0.7899 30.61 
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Figure 3.3 Variac W10MT3 Calibration 
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Table A .17. BET surface area from N2 adsorption onto ACC-20, baseline heating 
PIP, W (cc/g STP gas) /[W(Ps /P - 1)] 


— 


| 0.0497 369.4262 1.4157E-04 slope 3.335E-03 g/cc No gas 

| 0.0801 378.0094 2.3035E-04  intersept -3.586E-05 glcc N; gas 

0.1043 381.6808 3.0509E-04 R? 0.9977 

| 0.1274 384.1987 3.8004E-04 C -91.9993 

| 0.1531 386.327 4.6794E-04 Vy 303.1138 cc/g N; gas 

| 0.1771 387.9185 5.5479E-04 Surface Area 1319.3255 mg 
0.2013 389.337 6.4734E-04 


Constants 
CSA of No 16.2 angstrom? 


Na 6.02214E+23 molecules/mole 
Molar Vol 22414 cm”/mole 


Table A .18. BET surface area from N2 adsorption onto ACC-20, 6 hours heating 
P/P‹ W (cc/g STP gas)  1/[W(P, /P - 1)] 

364.3482 1.4202E-04 “slope 3.374E-03 g/cc No gas 
373 065 2.3277E-04 intersept -3.580E-05 g/cc N2 gas 
376.6842 3.0682E-04 R? 0.9977 
379 2552 3.8324E-04 С -93.2380 
381.382 4.7181E-04 Vy 299.5990 cc/g N» gas 
383.0159 5.5881E-04 Surface Area  1304.0272 m“g 
384 3727 6.5407E-04 


Constants 
CSA of N; 16.2 angstrom' 
NA 6.02214E+23 molecules/mole 
Molar Vol 22414 cm”/mole 


Table A .19. BET surface area from N2 adsorption onto ACC-20, 12 hours heating 
P/P, W (cc/g STP gas)  1/[W(P, /P - 1)] 
| 3782955 1.4089E-04 . slope 3.262E-03 g/cc N» gas 
386.7069 2.2762E-04 intersept -3.522E-05 g/cc N2 gas 
389.9359 2.9257E-04 R" 0.9978 
392.9947 3.8157E-04 C -91.6304 


394.7607 4.5441E-04 Vy 309.8821 cc/g Nz gas 


396.4423 5.4212E-04 Surface Area 1348.7849 m”/g 
397.789 6.2847E-04 


Constants 
ICSA of N, 16.2 angstrom? 
Na 6.02214E+23 molecules/mole 
Molar Val 22414 cm”lmole 











H 
L 








Table A .20. BET surface area from N2 adsorption onto ACC-20, baseline benzene 
PIP. W (cc/g STP gas) 1/[W(P, /P - 1)] 

366.3762 1.4577E-04 slope 

31/46712 2.3303E-04 


3.361E-03 g/cc Na gas 


intersept -3.595E-05 g/cc Na gas 


378.1296 
60170 
303.0772 
384.6884 
386.0285 


3.0203E-04 
3.9410E-04 
4.7009E-04 
5.5945E-04 
6.4965E-04 


R? 
C 

Vu 

Surface Area 


02978 
-92.4933 


300.7452 cc/g N2 gas 
1309.0160 m?/g 


Constants 
CSA of N> 162 angstrom” 
NA 6.02214E+23 molecules/mole 
Molar Vol 22414 cm”/mole 


Table A .21. BET surface area from N2 adsorption onto ACC-20, 10 cycle benzene 
PIP. W (cc/g STP gas) 1/[W(P, /P - 1)] 
394.4688 1.3146E-04 slope 
403.2012 2.1420E-04 intersept 
407.0459 2.8638E-04 R? 


3.132E-03 g/cc N2 gas 
-3.401E-05 g/cc No gas 
0.9976 


409.5736 
411.6284 
413.135 
414.4763 


3.567 9E-04 
4.3884E-04 
5.1950E-04 
6.0695E-04 


C 
VM 
Surface Area 


-91.0902 


322.7496 cc/g N2 gas 
1404.7917 m”/g 


Constants 
CSA of N; 16.2 angstrom? 
Na 6.02214E+23 molecules/mole 
Molar Vol 22414 cm”/mole 


Table A .22. BET surface area from N2 adsorption onto ACC-20, 20 cycle benzene 
P/P, W (cc/g STP gas) 1/(W(P,/P - 1)] 
0.0507 396.4112 1.3473E-04 slope 


3.123E-03 g/cc Nz gas 
0.0812 


0.1022 
0.1304 
01522 


404.8499 
408.0977 
411.1798 
412.9701 


2.1829E-04 
2.7894E-04 
3.6469E-04 


intersept 
R? 
C 


-3.425E-05 g/cc Na gas 


0 9977 
-90.1796 


4.3471E-04 Vy 
5.1806E-04 
6.0185E-04 


323.7546 cc/g Na gas 
0.1768 1409.1660 m”/g 


0.2002 


414.571 
415.9024 


Surface Area 


Constants 
CSA of N> 16.2 angstrom’ 
Na 6.02214E+23 molecules/mole 
Molar Vol 22414 cm'/mole 





Table A .23. BET surface area from N2 adsorption onto ACC-20, 30 cycle benzene 
PIP, W (cc/g STP gas) 1/[(W(Po /P - 1)] 


0.0493 
0.0795 
0.1033 
0.1268 
0.1525 
0.1762 
0.2006 


365.8821 
374.6696 
378.4284 
381.0627 
383.1676 
384.7342 
386.0447 


1.4173E-04 
2.3051E-04 
3.0442E-04 
3.8107E-04 
4.6961E-04 
5.5593E-04 
6.5002E-04 


slope |. 8.357E-03 g/cc N; gas 
intersept -3.554E-05 g/cc N; gas | 
R° 0.9976 

C -93.4657 

VM 301.0307 cc/g N; gas 
Surface Area 1310.2588 m”/g 


Constants 
ICSA of Nə 16.2 angstrom' 
NA 6.02214E+23 molecules/mole 
Molar Vol 22414 cm”/mole 


Table A .24. BET surface area from N2 adsorption onto ACC-20, 50 cycle benzene 
RZE W (cc/g STP gas) 1/[W(P, /P - 1)] 
0.0496 — 376.4741 1.3862E-04 slope 

385.004 2.2647E-04 intersept 
388.5827 2.9742E-04 R” 
391.0577 3.7167E-04 C 
3939972 4.5664E-04 Vy 
394.7336 5.4036E-04 
396.0985 6.3352bE-04 


3.276E-03 g/cc N; gas 
-3.529E-05 g/cc N; gas 
0.9977 


-91.8226 
308.6057 cc/g N; gas 
Surface Area 1343.2294 m”/g 


Constants 
16.2 angstrom* 
6.02214E+23 molecules/mole 
22414 cm”/mole 
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Table A .25. BET surface area from N2 adsorption onto ACC-20, baseline acetone 
mn W (cc/g STP gas) 1/W(P./P - 1)] 

5——— 1.4773E-04 
570307 2.3787E-04 intersept 
375.3724 3.0491E-04 R” 
378.4274 3.9905E-04 C 
380.229 4.7544E-04 Vy 
381.8386 5.6595E-04 
383 1553 6.5493E-04 


3.389E-03 g/cc N2 gas 
-3.655E-05 g/cc Na gas 
0.9978 
91.7121 
298.3127 cc/g N2 gas 
1298.4285 m'/g 


slope 


Surface Area 


Constants 


ICSA of N> 


Na 
Molar Vol 


16.2 angstrom? 
6.02214E+23 molecules/mole 
22414 cm”/mole 


Table A .26. BET surface area from N2 adsorption onto ACC-20, 10 cycle acetone 
EE VV (cc/g STP gas) 1/[(W(P,/P - 1)] 


T 


0.049 
0.0796 
0.1039 
DAZES 
035951 
Duo 
0.2011 


366.2679 
Su 3073 
20515 
Bö 7007 
5955612 
385.3345 
386.702 


1.4067 E-04 
2.3044E-04 
3.0578E-04 
3.8208E-04 
4.7094E-04 
5.5698E-04 
6.5094E-04 


slope 3.353E-03 g/cc N2 gas 
intersept -3.553E-05 g/cc Na gas 
R? 0.9976 
C -93.3606 
Vu 301.4286 cc/g N2 gas 


Surface Area 1311.9907 m”/g 


Constants 


CSA of N; 


Na 
Molar Vol 


16.2 angstrom? 
6.02214E+23 molecules/mole 
22414 cm”/mole 


Table A .27. BET surface area from N2 adsorption onto ACC-20, 20 cycle acetone 

PIPA VV (cc/g STP gas) 1//VV(P, /P - 1)) 

op 360.6077 1.4595E-04 slope 
0.08 369.1331 


2.3557E-04 intersept 
0.1038 5222271 


3.1066E-04 R? 
0.1271 375.3821 3.8789E-04 C 
0.1536 377.4925 4.8074E-04 Vu 
0.1769 379.0497 


5.6699E-04 
0.2007 380.4018 6.6008E-04 


3.410E-03 g/cc N? gas 
-3.637E-05 g/cc Na gas 
0.9977 
-92.7702 
296.3761 cc/g Na gas 
1289.9992 m”/g 


Surface Area 


Constants 
CSA of N- — 16.2 angstrom? 
NA 6.02214E+23 molecules/mole 
Molar Vol 22414 cm”/mole 





Table A .28. BET surface area from N2 adsorption onto ACC-20, 30 cycle acetone 


P/P, 
_ 0.0509 
0.0805 
0.1025 
0.1305 
0.1529 
0.1775 
0.2007 


369.0362 
377.4717 
381.0048 
384.1593 
386.0513 
387.759 
386110222 


W (cc/g STP gas) 1/W(Po/P - 1)] 


1.4532E-04 
2.3193E-04 
2.9975E-04 
3.9069E-04 
4.6755E-04 
5.5655E-04 
6.4528E-04 


slope 3.335E-03 g/cc Ny gas. 
intersept -3.568E-05 g/cc No gas 
R* 0.9978 

C -92.4858 

Vu 303.0595 cc/g N; gas 
Surface Area 1319.0890 m”/g 


Constants 
ICSA of N> 1 angstrom” 
NA 6.02214E+23 molecules/mole 
Molar Vol 22414 cm /mole 


Table A .29. BET surface area from N2 adsorption onto ACC-20, 50 cycle benzene 
PIES W (cc/g STP gas)  T/[W(P, /P - 1)] 

378.2935 — 1.4089E-04 slope 
386.7069 2.2762E-04 intersept 
389.9359 2.9257E-04 R? 
392.9947 3.8157E-04 C -91.6304 
394.7607 4.5441E-04 Vy 309.8821 cc/g N; gas 
396.4423 5.4212E-04 Surface Area 1348.7849 m”/g 

397.789 6.2847E-04 


— — — 


3.262E-03 g/cc N, gas | 
-3.522E-05 g/cc N; gas | 
0.9978 


Constants 
16.2 angstrom' 
6.02214E+23 molecules/mole 
22414 cm”/mole 
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Table A .30. BET surface area from N2 adsorption onto untreated ACC-20, GA test 1 


Р/Р, 
0.0495 
0.0822 
0.102 
0.126 
0.1504 
0.1755 
0.2001 


Na 


Molar Vol 


Table A .31. BET surface area from N2 adsorption onto untreated ACC-20, QA test 2 
P/P, — VV (cc/g STP gas)  1//VV(P) /P - 1)] 


İ 0.0505 
0.0813 
0.1016 
0.1294 
0.1510 
0.1762 

| 0.2000 





























Na 


0.0494 
0.0805 
0.1032 
0.1265 
0.1513 
0.1756 


al o — 








NA 





Molar Vol 


Constants 
CSA of No 


W (cc/g STP gas) 


SS 06768 
343.5775 
346.2742 
348.8352 
350.9134 
352.7164 
354.2203 


| Constants 
İCSA of N, 


347.0493 
5286719 
2905523 
359 163 / 
360.8303 
362.3106 
363 5621 


_ Constants 
CSA of N> 


16.2 angstrom 
6.02214E+23 molecules/mole 
22414 cm°/mole 






1/[W(P, /P - 1)] 


1.5505E-04 
2.6067E-04 
3.2802E-04 
4.1327E-04 
5.0447E-04 
6.0348E-04 
7.0622bE-04 


1.5325E-04 
2.5008E-04 
3.1718E-04 
4.1381E-04 
4.9291E-04 


5.9034E-04 
6.8764E-04 


16.2 angstrom 
6.02214E+23 molecules/mole 


22414 cm”/mole 


318.6287 
325.6343 
328.4917 
330.6142 
302 2829 
333 81898 
3335.0253 





16.2 angstrom 
6.02214E+23 molecules/mole 


Molar Vol 22414 cm"/mole | 
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Table A .32. BET surface area from N2 adsorption onto untreated ACC-20, QA test 3 


P/P, W (cc/g STP gas) 1/[W(P, /P - 1)] 


1.6310E-04 
2.6885E-04 
3.5032E-04 
4.3803E-04 
5.3635E-04 
6.3808E-04 
7.4808E-04 


slope - 3.660E-03 g/cc N; gas 
intersept -3.867E-05 g/cc Nə gas 
R” 0.9978 

C -93.6471 

Vu 276.1216 cc/g N; gas 


Surface Area 1201.8398 m?g 





slope 3.573E-03 g/cc N> gas | 
intersept -3.923E-05 g/cc N2 gas | 
R? 0.9978 x 
e -90.0738 

Vy 282.9982 cc/g N» gas 


Surface Area 1231.7709 m”/g 


slope _3.873E-03 g/cc Nz gas 
intersept -4.167E-05 g/cc N; gas 
R? 0.9977 
C -91.9240 
Vu 261.0403 cc/g N> gas 


Surface Area 1136.1973 m”/g 
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